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ABSTRACT 
P r e c i p i t a t i o n  i n  the  Chicago a r e a  was analysed and found t o  conta in  
.034 mg/l. of phosphorus wi th  about one h a l f  of t h i s  p r e sen t  a s  o r tho  phos- 
pha te .  Because of t h e  smal l  amounts of phosphorus needed t o  s t i m u l a t e  t h e  
growth of organisms i n  bodies  of water  which a r e  phosphorus l i m i t e d ,  t h e s e  
i npu t s  from t h e  atmosphere a r e  important  t o  many n a t u r a l  bodies  of water .  
From one - f i f t h  t o  one-third of t he  phosphorus going i n t o  Lake Michigan i s  from 
p r e c i p i t a t i o n .  
The sources  of  t h i s  phosphorus were i n v e s t i g a t e d  and found t o  be almost 
a l l  sources  of p a r t i c u l a t e  ma t t e r .  With t h e  except ion of emissions from t h e  
f e r t i l i z e r  i ndus t ry  t h e s e  were found t o  conta in  a r e l a t i v e l y  cons i s t en t  
0 . 1  percent  phosphorus. Since t h e  d i scharge  of p a r t i c u l a t e s  t o  t h e  
atmosphere a r e  being c o n t r o l l e d ,  con t r ibu t ions  of phosphorus t o  bodies  
of water  from t h e  atmosphere would a l s o  be con t ro l l ed .  
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OBJECTIVES 
This  p r o j e c t  had t h r e e  o b j e c t i v e s .  They were:  
1 )  t o  determine t h e  amount of phosphorus i n  p a r t i c u l a t e  
ma t t e r  washed o u t  of t h e  atmosphere by p r e c i p i t a t i o n .  
2 )  t o  determine t h e  sou rce  of  t h i s  p a r t i c u l a t e  ma t t e r  t o  
t h e  atmosphere.  
3) t o  e v a l u a t e  t h e  s i g n i f i c a n c e  of t h i s  sou rce  of n u t r i e n t  
t o  o l i g o t r o p h i c  l a k e s .  
The f i r s t  o b j e c t i v e  was accomplished by t h e  c o l l e c t i o n  and measurement . 
of  p r e c i p i t a t i o n  i n  Chicago and de te rmin ing  t h e  concen t r a t i on  and forms of  
t h e  phosphorus p r e s e n t  i n  t h e  p r e c i p i t a t i o n .  
The second o b j e c t i v e  r e q u i r e d  t h e  major amount of e f f o r t  of t h e  p r o j e c t .  
It  was d i r e c t e d  t o  an  important  a r e a  where l i t t l e  had been done i n  t h e  p a s t  
and s i g n i f i c a n t  p rog re s s  was made. 
I n  accomplishing t h i s  second o b j e c t i v e ,  t h r e e  d i f f e r e n t  approaches  were 
t aken .  I n  t h e  f i r s t ,  a  number of sou rce s  o f  phosphorus t o  t h e  atmosphere i n  
t h e  Chicago a r e a  were eva lua t ed  by c o l l e c t i n g  samples of t h e  p a r t i c u l a t e  
ma t t e r  p r e s e n t  i n  t h e  atmosphere and de te rmin ing  t h e  concen t r a t i ons  of a 
number of t h e  e lements  p r e s e n t  i n  t h e  samples.  S ince  some p a r t i c u l a t e s  a r e  
unique o r  very concen t ra ted  sou rce s  of a p a r t i c u l a r  e lement ,  by de te rmin ing  
t h e  amount of  t h e s e  t r a c e r  e lements ,  and knowing t h e  composit ion o f  t h e  sou rce s ,  
t h e  amount of p a r t i c u l a t e s  from t h e s e  sou rce s  w a s  found. About 45% of t h e  
p a r t i c u l a t e  ma t t e r  w a s  i d e n t i f i e d  a s  t o  i t s  sou rce .  Knowing t h e  phosphorus 
con t en t  of t h e s e  sou rce s ,  t h e  importance of d i f f e r e n t  sou rce s  of  phosphorus 
t o  t h e  atmosphere w a s  determined.  These i d e n t i f i a b l e  sou rce s  accounted 
f o r  48% of t h e  phosphorus p r e s e n t  i n  t h e  a tmospher ic  samples.  
The second approach was t o  look a t  t h e  problem on a  n a t i o n a l  s c a l e  
and s e e  i f  t h e r e  might b e  a  good inpu t -ou tpu t  c o r r e l a t i o n  f o r  phosphorus 
i n  t h e  a tmosphere .  I n p u t s  t o  t h e  a tmosphere  from a  v a r i e t y  of s o u r c e s  
were compared t o  o u t p u t  v a l u e s  determined i n  t h i s  r e p o r t  and e l sewhere .  
The maximum v a l u e s  of i n p u t s  t o  t h e  atmosphere were found t o  be  
s e v e r a l  t imes  t h e  minimum v a l u e s  o f  phosphorus determined t o  be  coming 
from t h e  atmosphere.  There  t h u s  s e e m s t o b e  b a s i c  i n c o n s i s t e n c i e s  i n  t h e  
d a t a  and t h e s e  i n d i c a t e  an impor tan t  l a c k  of knowledge o r  unders tand ing  
of t h e  a tmospher ic  phosphorus c y c l e .  
The t h i r d  approach was t o  l o c a t e  l o c a l  s o u r c e s  of phosphorus c o n t a i n i n g  
p a r t i c u l a t e s  by a n a l y z i n g  p a r t i c u l a t e  m a t t e r  samples c o l l e c t e d  a t  a  number 
of s i t e s  i n  t h e  Chicago a r e a  by t h e  C i t y  of Chicago. The r e s u l t s  i n d i c a t e  
t h a t  t h e r e  were s o u r c e s  of phosphorus c o n t a i n i n g  p a r t i c u l a t e  m a t t e r  i n  t h e  
C i t y  b u t  t h a t  t h e y  were d i f f u s e  and t h e r e  were no s o u r c e s  w i t h  h i g h  
c o n c e n t r a t i o n s  o r  l a r g e  amounts. 
The t h i r d  o b j e c t i v e  was accomplished by comparing t h e  amounts of 
phosphorus found i n  p r e c i p i t a t i o n  w i t h  t h e  amounts going i n t o  Lake Michigan 
from o t h e r  s o u r c e s .  T h i s  o b j e c t i v e  was f u l l y  ach ieved .  It was found t h a t  
p r e c i p i t a t i o n  i s  now c o n t r i b u t i n g  a  s i g n i f i c a n t  p e r c e n t a g e  of t h e  phosphorus 
going i n t o  t h e  s o u t h  end of t h e  Lake. When e f f l u e n t  r e s t r i c t i o n s  on d i s -  
charges  t o  t h e  Lake and i t s  t r i b u t a r i e s  a r e  f u l l y  implemented, t h e  importance 
of t h e  i n p u t s  from t h e  atmosphere w i l l  i n c r e a s e .  
DEFINITIONS 
A l l  of t h e  phosphorus ana lyzed  f o r  o r  d i s c u s s e d  i n  t h i s  r e p o r t  was 
p r e s e n t  chemica l ly  a s  phosphate .  A l l  of  t h e  v a l u e s  i n c l u d e d  and d i s c u s s e d  
h e r e ,  however, have been conver ted  and a r e  r e p o r t e d  a s  t h e  element phosphorus.  
To c o n v e r t  from phosphorus t o  phospha te ,  one m u l t i p l i e s  by 95 /31  o r  3.06. 
To c o n v e r t  t o  phosphorus pen tox ide ,  one m u l t i p l i e s  t h e  phosphorus v a l u e s  
by 142/62 o r  2 .3 .  
The t e r m  " o r t h o  phosphate" r e f e r s  t o  phosphorus p r e s e n t  i n  s o l u t i o n  
--- 
o r  i n  a sample as t h e  f r e e  phosphate  i o n ,  PO4 . Of c o u r s e ,  t h e r e  w i l l  
always b e  t h r e e  e q u i v a l e n t s  of c a t i o n s  p r e s e n t  t o  b a l a n c e  t h e  charge .  I n  
s o l u t i o n ,  t h e  phosphate  i o n  w i l l  have from z e r o  t o  t h r e e  p ro tons  a s s o c i a t e d  
w i t h  i t ,  depending on t h e  pH of t h e  s o l u t i o n .  The a n a l y t i c a l  method used f o r  
phosphorus i n  t h i s  s t u d y  was s e n s i t i v e  o n l y  t o  phosphorus p r e s e n t  as o r t h o  
phosphate .  Phosphorus p r e s e n t  i n  a l l  o t h e r  forms was f i r s t  conver ted  t o  t h e  
o r t h o  phosphate  ion  by h tandard  p rocedures  and t h e n  ana lyzed .  
The term " t o t a l  phosphorus" r e f e r s  t o  a l l  of t h e  phosphorus p r e s e n t  i n  
a sample,  r e g a r d l e s s  of i t s  chemical  i d e n t i t y .  
The t e r m  " f i l t e r e d  sample", u n l e s s  o t h e r w i s e  d e s i g n a t e d ,  r e f e r s  t o  a 
sample f i l t e r e d  through a 0.45 micrometer c e l l u l o s e  n i t r a t e  membrane f i l t e r  
( S a r t o r i o u s ;  i l l13 0 6 ) .  Unl ike  some o t h e r  membrane f i l t e r s ,  t h e s e  are f r e e  
of e x t r a c t a b l e  phosphorus.  
PROCEDURES AND METHODS 
Procedures 
P r e c i p i t a t i o n  was c o l l e c t e d  i n  open p l a s t i c  o r  g l a s s  con ta ine r s  exposed 
about one meter above t h e  roof of a  bu i ld ing .  The roof was about 10 meters 
above s t r e e t  l e v e l .  The bu i ld ing  (41' 55 25" N ,  87' 39 19" W) was i n  a  
densely populated urban a r e a  about 5 km nor th  of t h e  c e n t r a l  a r e a  of Chicago 
and about 2  km west of t he  shore of Lake Michigan. There was a l s o  l i g h t  
manufacturing i n  t h e  immediate v i c i n i t y .  
Clean con ta ine r s  were placed out  before  a  s torm and brought i n  a s  soon 
a s  p r a c t i c a l  a f t e r  t h e  r a i n f a l l  ended. This  was done t o  minimize t h e  amount 
of dry f a l l o u t  co l l ec t ed .  The l o c a t i o n  of t h e  c o l l e c t o r ,  about 11 m above 
s t r e e t  l e v e l ,  probably decreased t h e  amount of t r a f f i c - r e l a t e d  p a r t i c l e s  
incorpora ted  wi th  t h e  samples. The samples were preserved by immediate f r eez ing  
i n  a  polyethylene con ta ine r .  In  a  few cases ,  40 mg/l. of mercuric ch lo r ide  
was used a s  a  p re se rva t ive .  
The p r e c i p i t a t i o n  was measured i n  a  s tandard  r a i n  gauge ad jacent  t o  t h e  
p r e c i p i t a t i o n  c o l l e c t o r .  
A i r  p a r t i c u l a t e  samples were c o l l e c t e d  by us ing  a  high volume a i r  sampling 
pump (General Metal Works, Cleves,  Ohio, Model GMWL 2000) wi th  an 18 x  23 cm 
f i l t e r  ho lder  i n  an outdoor s h e l t e r .  A sample was c o l l e c t e d  f o r  24 hours.  
The i n i t i a l  and f i n a l  flow r a t e s  through t h e  f i l t e r  were measured wi th  a  
c a l i b r a t e d  flow meter.  The flow f o r  t h e  dura t ion  of t he  c o l l e c t i o n  per iod  
was assumed t o  be the  average of t h e  i n i t i a l  and f i n a l  measurements. 
Whatman No. 41 f i l t e r  paper was used f o r  most of t h e  sampling. This  
c e l l u l o s e  paper is p a r t i c u l a r l y  low i n  t r a c e  concent ra t ions  of elements o the r  
than carbon, hydrogen and oxygen. A back-up f i l t e r  was used f o r  a l l  samples. 
Before  and a f t e r  weighing,  t h e  f i l t e r s  were e q u i l i b r a t e d  i n  a d e s i c a t o r  o v e r  
a d r y i n g  a g e n t  f o r  24 h o u r s .  The weight of t h e  a i r  p a r t i c u l a t e  sample c o l l e c t e d  
was t h e  d i f f e r e n c e  between t h e  i n i t i a l  and f i n a l  we igh t  o f  t h e  f i l t e r  paper .  
A i r  p a r t i c u l a t e  samples on g l a s s  f i b e r  paper  were o b t a i n e d  from t h e  
C i t y  of Chicago. These samples were c o l l e c t e d  by t h e  C i t y  from t h e i r  r o u t i n e  
a i r  sampling network.  We analyzed t h e s e  f i l t e r s  f o r  phosphorus and carbon.  
P a r t i c u l a t e  m a t t e r  samples on g l a s s  f i b e r  paper  from t h e  b u r n i n g  o f  p l a n t  
m a t e r i a l  were o b t a i n e d  from D r .  E l l i s  P .  Dar ley  of t h e  U n i v e r s i t y  o f  C a l i f o r n i a  
a t  R i v e r s i d e .  
The amount of p a r t i c u l a t e  used f o r  an a n a l y s i s  was determined by weighing 
t h e  p o r t i o n  of t h e  f i l t e r  paper  t o  b e  used and by m u l t i p l y i n g  t h i s  by a 
p r e v i o u s l y  determined r a t i o  of t h e  p a r t i c u l a t e / t o t a l  we igh t  of t h e  c o l l e c t i o n  
a r e a  o f  t h e  f i l t e r .  Samples s i z e s  were u s u a l l y  abou t  100 mg f o r  n e u t r o n  
a c t i v a t i o n  a n a l y s i s  and 50 mg f o r  o t h e r  chemical  a n a l y s i s .  T h i s  t y p i c a l l y  
inc luded  1-3 mg of  p a r t i c u l a t e  m a t t e r .  
The r a t i o  of t h e  p a r t i c u l a t e  t o  t h e  t o t a l  weight  o f  t h e  c o l l e c t i o n  a r e a  
was c a l c u l a t e d  a s  fo l lows .  The t o t a l  we igh t  of t h e  paper  b e f o r e  t h e  sample 
2  was c o l l e c t e d  was d iv ided  by t h e  t o t a l  area of  t h e  p a p e r ,  509.04 cm , t o  
2  g i v e  W1, t h e  weight  o f  t h e  paperlcm . The t o t a l  weight  of t h e  p a r t i c u l a t e  
matter, t h e n  was d i v i d e d  by t h e  c o l l e c t i o n  a r e a  o f  t h e  paper ,  407 cm2, t o  
g i v e  W 2 ,  t h e  weight  of p a r t i c u l a t e  matterlcm' of c o l l e c t i o n  a r e a .  The t o t a l  
weight  of a p o r t i o n  of t h e  c o l l e c t i o n  a r e a  of f i l t e r  paper  i s  t h e n  W 1 + W2 
and t h e  r a t i o  of p a r t i c u l a t e / t o t a l  weight  o f  a p o r t i o n  of t h e  c o l l e c t i o n  a r e a  
of t h e  paper  i s  w2/(W1+W2). 
Chemical Analyses 
A s t a n d a r d  a n a l y t i c a l  p rocedure  f o r  phosphorus1 which u t i l i z e s  t h e  
molybdenum-antimony-ascorbate method o f  Murphy and R i l e y  was used f o r  t h e  
w a t e r  and a i r  p a r t i c u l a t e  samples.  Ortho phospha te  was o f t e n  determined 
on a f i l t e r e d  a s  w e l l  a s  an u n f i l t e r e d  sample.  P e r s u l f a t e  d i g e s t i o n  was 
used f o r  t h e  t o t a l  phosphorus a n a l y s i s .  Most phosphorus d e t e r m i n a t i o n s  a s  
o r t h o  phosphate  were done on 1 2 . 5  m l  samples w h i l e  25 o r  50 m l  was used f o r  
t o t a l  phosphorus samples .  
The i n t e n s i t y  o f  t h e  c o l o r  developed i n  t h e  phosphorus d e t e r m i n a t i o n  
was measured i n  a 25 mm t e s t  t u b e  us ing  a Bausch and Lomb S p e c t r o n i c  20 
spec t rophotomete r .  To minimize v a r i a b i l i t y  among sample t u b e s ,  one t u b e  
was used f o r  a l l  t h e  samples r e a d i n g s .  A s e t  of s i x  s t a n d a r d s  was run  each  
day and a l e a s t  s q u a r e s  l i n e  determined from t h e s e  s t a n d a r d s  was used t o  
c a l c u l a t e  t h e  r e s u l t s  f o r  t h e  samples run  t h a t  day.  
On o c c a s i o n ,  f o r  samples of low c o n c e n t r a t i o n ,  a Beckman DK-2a 
spec t rophotomete r  was used w i t h  a b s o r p t i o n  c e l l s  of 10 cm p a t h  l e n g t h .  
S e v e r a l  c o n t r o l  exper iments  were run .  On a number of o c c a s i o n s ,  p r e c i p i t a t i o n  
samples were re-analyzed.  Usua l ly ,  t h e r e  was c l o s e  correspondence between 
t h e  new and o l d  v a l u e s  f o r  t h e  samples ,  There  was no change o r  d i f f e r e n c e  
d u r i n g  long-term s t o r a g e  i n  two s e r i e s  of s y n t h e t i c  samples w i t h  d i f f e r e n t  
p r e s e r v a t i o n  c o n d i t i o n s .  One was p rese rved  by f r e e z i n g ,  t h e  o t h e r  by t h e  
a d d i t i o n  of 40 mg/l .  of  mercur ic  c h l o r i d e .  The r e p r o d u c i b i l i t y  o f  t h e  
sampl ing was checked on two o c c a s i o n s  by p u t t i n g  o u t  m u l t i p l e  b u c k e t s  and 
a n a l y z i n g  each one s e p a r a t e l y .  They i n d i c a t e d  t h a t  t h e  o r t h o  phosphate  
r e s u l t s  a r e  ve ry  r e p r o d u c i b l e  w h i l e  t h e r e  i s  v a r i a t i o n  i n  t h e  t o t a l  phosphate  
r e s u l t s .  
The Whatman and g l a s s  f i b e r  f i l t e r  paper  samples were ana lyzed  by 
p l a c i n g  approximately  0 .05 gm ( 7  cm2) of t h e  paper  t o  b e  ana lyzed  i n  a 125 m l  
f l a s k  w i t h  a magnet ic  s t i r  b a r  and 50 m l  of  de ion ized  w a t e r ,  and s t i r r i n g  f o r  
30-60 minutes  t o  d i s r u p t  t h e  s t r u c t u r e  of t h e  paper .  I f  a t o t a l  phosphate  
a n a l y s i s  was t o  b e  done,  0 .6  gm of ammonium p e r s u l f a t e  was t h e n  added and 
t h e  s l u r r y  was d i g e s t e d  f o r  one hour .  I f  an  o r t h o  phospha te  a n a l y s i s  was b e i n g  
done,  o r  a f t e r  t h e  p e r s u l f a t e  d i g e s t i o n  on a t o t a l  phospha te  a n a l y s i s ,  t h e  
--- - 
s l u r r y  was f i l t e r e d .  I n  t h e  c a s e  of an  o r t h o  phospha te  d e t e r m i n a t i o n  t h e  
f i l t e r e d  s o l u t i o n  was d i r e c t l y  ana lysed .  
The g a s o l i n e  and c rude  o i l  samples were ana lyzed  f o r  phosphorus by an 
ASTM procedure .  T h i s  invo lved  combustion o f  t h e  sample and t h e  u s e  of molybdate,  
w i t h  h y d r a z i n e  a s  t h e  reduc ing  a g e n t ,  t o  produce t h e  c o l o r  f o r  a n a l y s i s .  
1 The low l e v e l  chemical  oxygen demand procedure  of t h e  EPA was used 
w i t h o u t  a l t e r a t i o n .  
T o t a l  carbon and i t s  a p p a r e n t  e q u i v a l e n t  weight  was determined on a i r  
p a r t i c u l a t e  samples by q u a n t i t a t i v e l y  c o l l e c t i n g  i n  a bar ium hydrox ide  s o l u t i o n  
t h e  carbon d i o x i d e  l i b e r a t e d  from t h e  chemical  oxygen demand exper iment .  The 
p r e c i p i t a t e d  bar ium c a r b o n a t e  was c o l l e c t e d  and weighed. I n  one of t h e s e  
exper iments  t h e n ,  t h e  chemical  oxygen demand p a r t  gave t h e  number o f  
e q u i v a l e n t s  of o x i d a n t  consumed and t h e  bar ium c a r b o n a t e  p a r t  gave t h e  amount 
of carbon p r e s e n t .  I f  a l l  o f  t h e  o x i d a n t  i s  consumed i n  o x i d i z i n g  t h e  ca rbon ,  
t h e n  one can use  t h e s e  two exper iments  t o  c a l c u l a t e  a n  e q u i v a l e n t  weight  f o r  
t h e  carbon p r e s e n t .  
A r s e n a t e  g i v e s  t h e  same c o l o r  r e a c t i o n  w i t h  t h e  Murphy-Riley r e a g e n t  as 
does phosphate .  T h e r e f o r e ,  i f  t h e r e  i s  a r s e n a t e  p r e s e n t  i n  t h e  p r e c i p i t a t i o n  
samples i t s  p r e s e n c e  could  l e a d  t o  h i g h  r e s u l t s .  The amount of a r s e n a t e  
p r e s e n t  i n  t h e  samples was determined by t h e  method of ~ o h n s o n . ~  It involved 
a n a l y z i n g  d u p l i c a t e  samples f o r  phosphorus,  one where t h e  a r s e n a t e  had been 
reduced w i t h  t h i o s u l f a t e ,  t h e  o t h e r  where t h e  a r s e n a t e  had n o t  been reduced.  
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The a r s e n a t e  p r e s e n t  t h e n  was t h e  d i f f e r e n c e  between t h e  two d e t e r m i n a t i o n s .  
The a r s e n a t e  c o r r e c t i o n  averaged less t h a n  .001 ppm as phosphorus and was 
n e g l e c t e d .  
Neutron A c t i v a t i o n  A n a l y s i s  
Neutron a c t i v a t i o n  a n a l y s i s  was used t o  de te rmine  t h e  c o n c e n t r a t i o n  of 
most o f  t h e  t r a c e r  e lements  i n  t h e  a i r  p a r t i c u l a t e  samples .  A p o r t i o n  of t h e  
f i l t e r  t o  b e  ana lysed  was c a r e f u l l y  c u t ,  weighed and p l a c e d  i n  a  zip-locked 
p o l y e t h y l e n e  c o n t a i n e r  which had been p r e v i o u s l y  r i n s e d  w i t h  d i l u t e  n i t r i c  
a c i d  and de- ionized w a t e r .  The samples were  i r r a d i a t e d  i n  t h e  r a p i d  i r r a d i a t i o n  
f a c i l i t y  (RABBIT) o f  t h e  CP-5 r e s e a r c h  r e a c t o r  a t  Argonne N a t i o n a l  Labora to ry  
2  f o r  about  30 seconds  a t  a  the rmal  n e u t r o n  f l u x  o f  abou t  2  x  1013 n/cm / s e c .  
Both t h e  a c t u a l  i r r a d i a t i o n  t ime 'and  t h e  f l u x  were determined f o r  each 
i r r a d i a t i o n .  The c o u n t e r  c o n s i s t e d  o f  a  s o l i d - s t a t e ,  Ge(Li) d i o d e  d e t e c t o r  
coupled t o  a 4,000 channel  a n a l y s e r  w i t h  computer-compatible o u t p u t  t o  t a p e .  
The f i r s t  coun t  o f  400 seconds was s t a r t e d  t h r e e  minutes  a f t e r  t h e  termi- * 
n a t i o n  of t h e  i r r a d i a t i o n .  And t h e  second count ,  of 1,000 seconds ,  was begun 
15 minutes  a f t e r  t h e  end of t h e  i r r a d i a t i o n .  The a c t u a l  c o u n t i n g  t i m e ,  400 o r  
1 ,000 seconds ,  d i d  no t  i n c l u d e  t h e  dead t ime  of t h e  d e t e c t o r .  The c o u n t e r  
i n c r e a s e d  t h e  coun t ing  t ime t o  compensate f o r  t h i s  deadtime, t h e  amount of 
t ime t h e  d e t e c t o r  was n o t  a b l e  t o  a c c e p t  coun ts .  Thus t h e  c lock  t ime f o r  t h e  
count  was l o n g e r  than  t h e  r e p o r t e d  coun t ing  t i m e .  The dead t i m e  was 
p r o p o r t i o n a l  t o  t h e  a c t i v i t y  o f  t h e  sample and ranged from 20 t o  40% f o r  t h e  a i r  
p a r t i c u l a t e  samples .  
A vanadium f l u x  moni tor  was i r r a d i a t e d  w i t h  each sample and was counted 
35 minutes  a f t e r  t h e  i r r a d i a t i o n  f o r  100 seconds .  
S tandards  were p repared  t o  r e l a t e  t h e  c o u n t - r a t e  o f  each i s o t o p e  t o  t h e  
amount of e lement  p r e s e n t .  Aqueous s o l u t i o n s  of t h e  e lements  t o  b e  determined 
were p r e p a r e d  from a n a l y t i c a l  g rade  r e a g e n t s .  S e c t i o n s  of Whatman No. 4 1  
f i l t e r  paper  were  t h e n  s p o t t e d  w i t h  t h e  a p p r o p r i a t e  amount of t h e  s o l u t i o n s  
and d r i e d .  T r a c e  i m p u r i t i e s  i n  t h e  Whatman 41 f i l t e r s  were determined on 
b l a n k  p i e c e s .  The papers  c o n t a i n i n g  t h e  s t a n d a r d s  and t h e  b l a n k  papers  were 
i r r a d i a t e d  and counted u s i n g  t h e  same procedures  a s  f o r  t h e  a c t u a l  samples.  
The c o u n t i n g  r a t e s  of a l l  samples ,  s t a n d a r d s  and b l a n k s  were  c o r r e c t e d  f o r  
d i f f e r e n c e s  i n  t h e  i r r a d i a t i o n  t i m e  and c o n d i t i o n s .  A l l  c a l c u l a t i o n s  were 
done on d i s i n t e g r a t i o n  r a t e s ,  c o r r e c t e d  f o r  decay,  t o  t h e  end of t h e  i r r a d i a t i o n  
p e r i o d .  
Sources  - of P a r t i c u l a t e  M a t t e r  -- t o  t h e  Atmosphere 
I n  o r d e r  t o  de te rmine  t h e  s o u r c e s  o f  p a r t i c u l a t e  m a t t e r  t o  t h e  atmosphere 
4  a t  t h e  c o l l e c t i o n  s i t e ,  t h e  method of Miller and ~ a t z ~  was used.  Th is  
invo lved  de te rmin ing  t h e  c o n c e n t r a t i o n  of s p e c i f i c  e lements  i n  t h e  atmosphere 
which s e r v e d  a s  t r a c e r s  f o r  d i f f e r e n t  s o u r c e s ,  f i n d i n g  o r  de te rmin ing  t h e  
composi t ions  o f  t h e s e  d i f f e r e n t  s o u r c e s  of p a r t i c u l a t e s ,  and then  u s i n g  t h i s  
i n f o r m a t i o n  t o  de te rmine  t h e  c o n c e n t r a t i o n  of t h e  d i f f e r e n t  s o u r c e s  i n  t h e  
a tmosphere .  The e l e m e n t a l  composi t ions  f o r  t h e  d i f f e r e n t  s o u r c e s  which were 
used i n  t h e  f o l l o w i n g  c a l c u l a t i o n s  a r e  shown on Tab le  1. 
For i n s t a n c e ,  automobi le  f u e l  a d d i t i v e s  a r e  t h e  o n l y  s i g n i f i c a n t  s o u r c e  
of bromine t o  t h e  atmosphere.  It h a s  been de te rmined7  t h a t  bromine comprises  
7.9% of t h e  exhaus t  p a r t i c u l a t e s  o f  a u t o s .  For  t h e  samples c o l l e c t e d  w i t h  
t h e  wind d i r e c t i o n  from t h e  sou thwes t ,  bromine composed 0.53% of t h e  p a r t i c u l a t e  
m a t t e r .  Thus, f o r  t h e s e  samples ,  p a r t i c u l a t e s  from automobi le  e x h a u s t s  must 
b e  .0053/.079 o r  6.7% of  t h e  t o t a l  p a r t i c u l a t e  m a t t e r  i n  t h e  atmosphere.  
I n  similar manner, t h e  f o l l o w i n g  t r a c e r  e lements  were used t o  c a l c u l a t e  
t h e  c o n t r i b u t i o n s  of d i f f e r e n t  s o u r c e s  o f  p a r t i c u l a t e  m a t t e r  t o  t h e  atmosphere:  
Sea Fue l  iron5 Coal & 
S a l t  Auto O i l  Steel Cement S o i l  coke2 
Aluminum 
Bromine 
Carbon 
Calcium 
C h l o r i n e  
Copper 
Magnesium 
Manganese 
Sodium 
Phosphorus 12 
Vanadium 
A l l  v a l u e s  a r e  from r e f e r e n c e  7 ,  e x c e p t  where n o t e d .  
Tab le  1. P e r c e n t  e l e m e n t a l  composi t ion of d i f f e r e n t  s o u r c e s  o f  
p a r t i c u l a t e s  t o  t h e  atmosphere.  
Bromine 
Calcium 
Aluminum 
Sodium 
Manganese 
Vanadium 
Aluminum 
Automobile exhaust 
Cement 
S o i l  
Sea S a l t  
I ron  and S t e e l  
Fuel  O i l  
Coal and Coke 
Since many of t he  t r a c e r  elements were cont r ibu ted  by more than one of 
t h e  sources ,  t h e  c a l c u l a t i o n s  were done a  second o r  t h i r d  t ime, incorpora t ing  
co r r ec t ions  f o r  sources of t h e  elements o t h e r  than the  one be ing  t r aced  f o r .  
Also, s i n c e  aluminum was used t o  t r a c e  f o r  both s o i l ,  and coa l  and coke, the  
b e s t  agreement of secondary t r a c e r  elements was used t o  appor t ion  t h e  aluminum 
between t h e s e  two sources.  For i n s t ance ,  f o r  t he  samples wi th  t h e  wind from 
t h e  southwest,  t h e  b e s t  accounting f o r  aluminum, sodium and calcium occurred 
wi th  a  s o i l  con t r ibu t ion  of 19% and wi th  a  con t r ibu t ion  from coa l  and coke 
of 8%. 
A fundamental drawback of t h i s  method, however, i s  t h a t  t he  d a t a  being 
used a r e  only marginal ly  adequate.  This  i s  f o r  s e v e r a l  reasons:  
1 )  The compositions of t h e  sources a r e  averages.  For i n s t ance ,  
i t  i s  obvious t h a t  no t  a l l  s t a c k  emissions of t h e  i r o n  and 
s t e e l  i ndus t ry  have the  same composition. The assumption i s  
t h a t  i f  t h e r e  a r e  enough d i f f e r e n t  sources of t h i s  i ndus t ry  
i n  t h e  a r ea ,  t h a t  t h e i r  average i s  c l o s e  t o  t h e  numbers used 
i n  t he  c a l c u l a t i o n s .  
2 )  It i s  assumed t h a t  one source is t h e  only ,  o r  a t  l e a s t  t h e  
major source of i t s  t r a c e r  element. For some elements,  such 
a s  bromine o r  vanadium, which have only one major source,  t h i s  
i s  a  good approximation. For o the r  elements which a r e  more 
ubiqui tous i n  t h e i r  d i s t r i b u t i o n ,  and a r e  not  p a r t i c u l a r l y  
concentrated i n  any one source ,  such a s  aluminum and s i l i c a ,  
t h i s  i s  l e s s  u s e f u l  approximat ion.  
3) Normal a n a l y t i c a l  e r r o r s  i n  de te rmin ing  e lementa l  c o n c e n t r a t i o n s ,  
p a r t i c u l a r l y  of  e lements  p r e s e n t  i n  low concen t r a t i ons .  
I n  f a c t ,  a  more s o p h i s t i c a t e d  c a l c u l a t i o n a l  method in t roduced  by 
~ r i e d l a n d e r '  was t r i e d .  But,  us ing  our  d a t a ,  i t  was n o t  p o s s i b l e  t o  o b t a i n  
a  set of  meaningful numbers from t h e  i n t e r n a l l y  c o n s i s t e n t  s e t  of s imul taneous 
equa t i ons .  
The i n p u t  of phosphorus i n  kg/ha from each r a i n f a l l  sample was c a l c u l a t e d  
by mu l t i p ly ing  t h e  concen t r a t i on  of phosphorus i n  mg/ l .  by t h e  amount of 
p r e c i p i t a t i o n  which was measured f o r  t h a t  sample and conve r t i ng  t h i s  number 
(mg/1000 cm2) t o  kg/ha by mu l t i p ly ing  by lo-'. To determine t h e  average  
phosphorus c o n c e n t r a t i o n s  which a r e  shown f o r  a l l  of  t h e  samples ,  t h e  sum 
of t h e  i n p u t s  i n  kg/ha was d iv ided  by t h e  t o t a l  amount of  p r e c i p i t a t i o n  
r ep re sen t ed  by t hose  samples.  Th i s  number was conver ted ,to mg/l .  by mul t i -  
p l y i n g  by 10 .  I npu t s  i n  kg /ha /yr  can b e  conver ted t o  l b s / a c r e / y r  by 
mu l t i p ly ing  by .89 .  
Evaporat ion of wa t e r  from t h e  sample c o n t a i n e r  would c o n c e n t r a t e  t h e  
phosphorus i n  t h e  sample. There fore ,  a f t e r  a n a l y s i s ,  when t h e  i n p u t  was 
determined by mu l t i p ly ing  t h e  concen t r a t i on  of t h e  phosphorus i n  t h e  sample 
by t h e  amount of p r e c i p i t a t i o n ,  a h igh  va lue  would b e  ob ta ined .  There fore ,  
f o r  many of t h e  samples ,  a  c o r r e c t i o n  was app l i ed  f o r  evapo ra t i on .  S ince  
t h e  open a r e a  of t h e  c o l l e c t i o n  c o n t a i n e r  was known and,  knowing t h e  amount 
of p r e c i p i t a t i o n  of a  p a r t i c u l a t e  sample,  i t  could then be  c a l c u l a t e d  how 
much wate r  should b e  i n  t h e  c o l l e c t o r .  I f  l e s s  was p r e s e n t  when t h e  sample 
was t aken  i n ,  t h e  f i n a l  concen t r a t i on  of t h e  phosphorus was m u l t i p l i e d  by 
t h e  r a t i o  of how much was i n  t h e  bucket  d iv ided  by how much should have been 
i n  t h e  c o n t a i n e r .  
RESULTS AND DISCUSSION 
Phosphorus Concentration i n  R a i n f a l l  
The r e s u l t s  of t h e  a n a l y s i s  f o r  o r tho ,  f i l t e r e d  o r tho  and t o t a l  phos- 
phorus of t h e  r a i n f a l l  samples c o l l e c t e d  i n  Chicago a r e  shown on Table 2 .  
Values a r e  shown f o r  p r e c i p i t a t i o n  weighted concent ra t ions  and inpu t s  i n  
kg lha ly r  ( f o r  p r e c i p i t a t i o n  of 74 cmlyr).  Figure 1 is a p l o t  of t h e  phos- 
phorus concent ra t ions  determined p l o t t e d  ve r sus  t h e  amount of p r e c i p i t a t i o n .  
This  i l l u s t r a t e s  t h e  s c a t t e r i n g  between t h e  d i f f e r e n t  samples of t h e  
concent ra t ions .  But i t  a l s o  demonstrates t h a t  t h e r e  is  some r a t i o n a l  t o  
i t .  I n  genera l ,  t h e  sma l l e r  t he  amount of p r e c i p i t a t i o n ,  t h e  h igher  t h e  
concent ra t ions  tend t o  be.  This is  a r e s u l t  which is gene ra l ly  found i n  
p r e c i p i t a t i o n  scavenging. The f a c t o r s  which a f f e c t  t h i s  a r e  s e v e r a l  and 
have been discussed by Gatz and Dingle.  8 
Samples of snowfal l  were a l s o  c o l l e c t e d  and analysed.  The concent ra t ions  
of phosphorus found i n  t hese  samples a r e  shown on Table 3. The tu rbu len t  
n a t u r e  of t h e  winds i n  t h e  a r ea  of t h e  c o l l e c t i o n  s i t e  due t o  t h e  many 
bu i ld ings  i n  t h e  v i c i n i t y ,  inc luding  a t a l l e r  one immediately t o  t he  wes t ,  
l e d  t o  uneven depos i t ion  of snow. Therefore,  t h e  amount of snow which f e l l  
was not  a b l e  t o  be determined and t h e  inpu t s  of phosphorus i n  kg/ha could 
not  be ca l cu la t ed  f o r  t hese  samples. However, i t  can be  seen from t h e  da t a  
i n  Table 3 t h a t  t h e  concent ra t ions  of phosphorus found i n  t hese  samples a r e  
s i m i l a r  t o  those  found i n  t h e  r a i n f a l l  samples and thus  t h e  inpu t s  from 
snow a r e  probably not  a l o t  d i f f e r e n t .  
P a r t i c u l a t e  Matter  
The s i z e  of a p a r t i c u l a t e  matter  i n  t h e  atmosphere is  very important 
because, f o r  s i m i l a r l y  shaped p a r t i c l e s ,  t h e  depos i t i ona l  v e l o c i t y  i s  r e l a t e d  
t o  t h e  mass which i s  r e l a t e d  t o  t he  s i z e .  The smal le r  t h e  s i z e ,  t he  lower 
Phosphorus 
Ortho 
T o t a l  Ortho ( f i l t e r e d )  
- 
Number of Samples 
T o t a l  Amount o f  
P r e c i p i t a t i o n  (cm) 110.4  93.7 61.3 
Sum of I n p u t s  
(kg/ha)  
Weighted Average .034 ,018 .012 
Concen t ra t ion  (mg/l .  ) 
Annual I n p u t s  .25 - 1 3  .09 
f o r  74 cm P r e c i p i t a t i o n  
(kg /ha /y r )  
Table 2 .  I n p u t s  of phosphorus f rom t h e  atmosphere i n  Chicago. 
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T o t a l  Or tho  
phosphorus  p h o s p h a t e  
Date mg/ l  mg/ 1 
- 
2 3  Feb.  72 
13 Mar. 72 
27 Mar. 72 
29 Mar. 72 
22 Nov. 72 
1 Dec. 72 
6 Dec. 72 
8 Dec. 72 
1 2  Dec. 72 
1 5  Feb.  7 3  
1 7  Feb.  7 3  
1 7  Mar. 7 3  
1 9  Dec. 73  
22 Feb .  74 
T a b l e  3 .  C o n c e n t r a t i o n s  o f  phosphorus  
i n  snow samples .  
t h e  s e t t l i n g  v e l o c i t y  and the  f u r t h e r  a  p a r t i c l e  may be t r anspor t ed  by the  
atmosphere be fo re  impinging on t h e  ground. 
P a r t i c l e s  wi th  diameters g r e a t e r  than about 20 g, g i a n t  p a r t i c l e s ,  
have a  s h o r t  atmospheric res idence  time and a r e  removed from t h e  atmosphere 
c h i e f l y  by impacting on t h e  su r f ace .  They a r e  a  major c o n t r i b u t o r  t o  dry 
f a l l o u t  and a r e  c h i e f l y  of l o c a l  o r i g i n .  P a r t i c l e s  wi th  diameters l e s s  than 
10 p, l a r g e  p a r t i c l e s ,  have long atmospheric res idence  times and a r e  removed 
c h i e f l y  by p r e c i p i t a t i o n  scavenging. They may be of l o c a l  o r  very d i s t a n t  
o r i g i n .  They a l s o  may have very d i f f e r e n t  mechanisms of formation,  wi th  t h e  
g i a n t  p a r t i c l e s  formed i n  e ros iona l  processes  and t h e  l a r g e  p a r t i c l e s  formed 
i n  combustion processes  and from condensation and scavenging of the smal le r  
p a r t i c l e s  i n  t h e  atmosphere. 9 
There a r e  two r e p o r t s  of t he  determinat ion of t he  p a r t i c l e  s i z e  of phos- 
phorus conta in ing  p a r t i c u l a t e  mat te r .  lo' Both show t h e  average s i z e  of a  
few microns and the re fo re  of long atmospheric res idence  time. This  i n d i c a t e s  
t h a t  t h e  phosphorus being scavenged by p r e c i p i t a t i o n  i n  an a rea  may very l i k e l y  
be of d i s t a n t  o r i g i n .  
To the  ex t en t  t h a t  t h e  ma te r i a l  scavenged by p r e c i p i t a t i o n  i s  of d i s t a n t  
o r i g i n ,  t h e  r e s u l t s  from the  a n a l y s i s  of p r e c i p i t a t i o n  samples c o l l e c t e d  i n  
one a r e a ,  w i l l  be  independent of t he  c o l l e c t i o n  s i t e  and should be  a b l e  t o  
be  ex t r apo la t ed  t o  ad jacent  a r eas .  Dry f a l l o u t ,  on the  o the r  hand, should 
be  dominated by l o c a l  i npu t s  of l a r g e  p a r t i c l e s  and i s  probably only repre-  
s e n t a t i v e  of t he  immediate a r ea .  This  i s  one of t he  reasons t h a t  dry f a l l o u t  
c o l l e c t i o n  and a n a l y s i s  was not  a  p a r t  of t h i s  p r o j e c t .  
Atmospheric D i s t r i b u t i o n  of Phosphorus 
An unavoidable c r i t i c i s m  of t h e  r e s u l t s  obtained i n  t h i s  s tudy i s  t h a t  
t he  p r e c i p i t a t i o n  i s  being co l l ec t ed  on one of t h e  l a r g e s t  manufacturing and 
r e s i d e n t i a l  a r e a s  of t h e  country  and t h e r e f o r e ,  t h e  r e s u l t s  may have no b e a r i n g  
on phosphorus i n p u t s  from t h e  atmosphere i n  o t h e r  a r e a s .  Seve ra l  procedures  
were used t o  t r y  and measure t h e s e  l o c a l  e f f e c t s .  
The f i r s t  of t h e s e  is  t o  t r y  t o  de te rmine  how t h e  phosphorus con t en t  of  
t h e  a tmospher ic  a e r o s o l  v a r i e s  w i th  t h e  wind d i r e c t i o n  and a l s o  t o  determine 
i f  t h e r e  a r e  l a r g e  l o c a l  i n p u t s  of  phosphorus t o  t h e  atmosphere i n  t h e  a r e a .  
To do t h i s ,  we ob t a ined  p o r t i o n s  of a i r  p a r t i c u l a t e  samples ,  c o l l e c t e d  
by t h e  C i t y  of Chicago 's  Department of Environmental  Con t ro l ,  f o r  t h r e e  d i f f e r e n t  
days .  Each day was chosen because i t  was a week day,  i t  had r e l a t i v e l y  s t e ady  
winds,  and t h e  winds f o r  each of  t h e  days  were from a d i f f e r e n t  d i r e c t i o n .  
We ob ta ined  samples from an average of  2 3  l o c a t i o n s  f o r  each day. F igures  
2 ,  3  and 4 show t h e  concen t r a t i on  of p a r t i c u l a t e  m a t t e r ,  t o t a l  phosphorus 
and o r t h o  phosphate f o r  each day. Also shown on t h e  p l o t s  a r e  t h e  l o c a t i o n  
of  t h e  sampling s i t e  a t  DePaul Un ive r s i t y  ($) and of Midway (M) and OIHare (OIH) 
a i r p o r t s  which a r e  t h e  sou rce s  f o r  t h e  meteoro log ica l  in format ion .  
A s  can b e  s een ,  concen t r a t i on  g r a d i e n t s  e x i s t  over  t h e  c i t y  f o r  a l l  of  
t h e s e  days .  Keeping i n  mind t h a t  even m a t e r i a l s  f o r  which t h e r e  a r e  no known 
l o c a l  sou rce s  vary  i n  concen t r a t i on  by about a f a c t o r  of f o u r ,  i t  can be seen 
t h a t  most of  t h e  v a l u e s  a r e  w i t h i n  t h i s  range.  
The days  w i t h  t h e  winds ou t  of t h e  sou thea s t  and from t h e  wes t ,  show 
t h e  h i g h e s t  concen t r a t i ons  of t o t a l  phosphorus i n  t h e  atmosphere.  The day 
w i th  t h e  winds o u t  of  t h e  n o r t h  shows t h e  lowest va lue s .  Th is  is  unders tandab le  
s i n c e  t h e  heavy i n d u s t r i a l  a r e a s  a r e  t o  t h e  sou th ,  and t h e  major farm a r e a s  
a r e  t o  t h e  w e s t  and sou th  of  t h e  c i t y .  The p l o t s  of  t h e  concen t r a t i on  of t h e  
t o t a l  phosphorus i n d i c a t e  t h e  p resence  of one d e f i n i t e  sou rce  i n  t h e  southwest 
corner  of t h e  c i t y  and s e v e r a l  o t h e r  p o s s i b l e  sou rce s  of  phosphorus t o  t h e  
atmosphere w i t h i n  t h e  c i t y .  The p l o t s  of t h e  o r t h o  phosphate  concen t r a t i ons  



show t h a t  some of t h e  sou rce s  a r e  h igh  i n  o r t h o  phosphorus,  wh i l e  o t h e r s  
a r e  low. 
S t a t i s t i c a l  d a t a  from t h e  C i ty  of Chicago samples is  shown on Table  4 .  
I n t e r e s t i n g l y ,  t h e  o r t h o  phosphate  means f o r  t h e  t h r e e  days a l l  a r e  c l o s e  
t o  one ano the r  and t h e  s t anda rd  d e v i a t i o n s  o f  t h e  va lue s  from t h e  mean a r e  
low. The means f o r  t h e  t o t a l  phosphorus samples show g r e a t e r  v a r i a b i l i t y  
and t h e i r  s t a n d a r d  d e v i a t i o n s  a r e  much g r e a t e r .  
It i s  n o t  c l e a r  i f  t h e r e  i s  any s i g n i f i c a n c e  t o  t h e  c l o s e  s i m i l a r i t y  of 
t h e  o r t h o  phosphate  mean va lue s .  One could be tempted t o  i n f e r  t h a t  t h e  
i n p u t s  of  phosphorus from t h e  C i ty  a r e  c h i e f l y  of  t h e  u n a v a i l a b l e  t o t a l  
phosphorus w h i l e  t h e  o r t h o  phosphate p r e s e n t  has  c h i e f l y  been t r a n s p o r t e d  
from more d i s t a n t  a r e a s .  Th is  i s  c e r t a i n l y  an over  s i m p l i f i c a t i o n ,  b u t  may 
have some v a l i d i t y .  
Some suppo r t  f o r  t h i s  s p e c u l a t i o n  i s  t h e  f a c t  t h a t  p r e c i p i t a t i o n  samples 
co1, lected by t h e  Canada Cent re  f o r  I n l and  Waters on board t h e i r  r e s e a r c h  
v e s s e l s  on Lake Supe r io r ,  and immediately ana lysed ,  show t h a t  a  h igh  p ropo r t i on  
of t h e  phosphorus i s  p r e sen t  a s  o r t h o  phosphate .  3  1 
The c o r r e l a t i o n  c o e f f i c i e n t s  between t h e  concen t r a t i on  of p a r t i c u l a t e  
ma t t e r  i n  t h e  atmosphere a t  each sampling p o i n t  and t h e  amount of phosphorus 
i n  each sample a r e  a l s o  on Table  4 .  For t h e  samples of March 29, w i t h  t h e  
no r th  winds (F igure  3 ) ,  t h e r e  was a  p o s i t i v e  c o r r e l a t i o n ,  s i g n i f i c a n t  a t  t h e  
18% l e v e l ,  f o r  t h e  p a r t i c u l a t e  ma t t e r  ve r su s  t h e  t o t a l  phosphorus concen t r a t i on .  
For t h e  o t h e r  two days ,  n e i t h e r  t h e  p a r t i c u l a t e  ma t t e r  ve r su s  t h e  o r t h o  
phosphate ,  nor  t h e  p a r t i c u l a t e  ma t t e r  v e r s u s  t h e  t o t a l  phosphorus c o r r e l a t i o n s  
were s i g n i f i c a n t  a t  t h e  18% l e v e l .  I n  f a c t ,  one of t h e s e  c o r r e l a t i o n s  was 
n e g a t i v e  . 
A r i t h m e t i c  Means and T h e i r  S tandard  D e v i a t i o n s  
P a r t i c u l a t e  T o t a l  O r  t h o  
Matter Phosphorus Phosphorus 
October  10 ,  1.972 130 f 48 . I34  f .056 .047 f .023 
March 29,  1973 78 f 23  . 0 7 2 f  .028 . 0 4 1 +  .016 
May 1 0 ,  1973 143 f 80 . I14 f .058 .047 f .025 
Logar i thmet ic  Means and t h e i r  S tandard  D e v i a t i o n s  
Geometric Means 
P a r t i c u l a t e  T o t a l  Ortho 
Mat te r  Phosphorus Phosphorus 
October 10 ,  1972 
Mean o f  t h e  l o g a r i t h m s  
S t d .  Dev. of t h e  l o g a r i t h m s  
Geometric Mean 
March 29,  1973 
Mean of t h e  l o g a r i t h m s  
S t d .  Dev. of t h e  l o g a r i t h m  
Geometric mean 
May 10 ,  1973 
Mean of  t h e  l o g a r i t h m s  
S t d .  Dev. of t h e  l o g a r i t h m s  
Geometric Mean 
C o r r e l a t i o n  C o e f f i c i e n t s  
P a r t i c u l a t e  Mat te r  v s  P a r t i c u l a t e  Matter v s  
T o t a l  Phosphorus Ortho Phosphorus 
October  1 0 ,  1972 . I 4 3  n = 2 3  -.213 n = 23 
March 29,  1973 .421* n = 22 .342 n = 21 
May 1 0 ,  1973 . I24 n = 24 ,328 n = 25 
* S i g n i f i c a n t  a t  t h e  10% conf idence  l e v e l  
Tab le  4. S t a t i s t i c a l  d a t a  f o r  t h e  C i t y  of Chicago a i r  p a r t i c u l a t e  samples.  
These s t a t i s t i c a l  d a t a  a r e  h e l p f u l  i n  i n t e r p r e t i n g  F i g u r e s  2-4. Thus, 
t h e  March 29 day (F ig .  3 ) ,  w i t h  t h e  winds o u t  of n o r t h ,  should  show t h e  l e a s t  
e f f e c t  of t h e  i n d u s t r i a l  a r e a s  of t h e  c i t y .  T h e r e f o r e ,  t h e  p a r t i c u l a t e  should  
be more homogenous and be r e p r e s e n t a t i v e  of a s i n g l e  s o u r c e ,  background t o  t h e  
n o r t h ,  and a  p o s i t i v e  c o r r e l a t i o n  of t h e  phosphorus w i t h  t h e  p a r t i c u l a t e  
m a t t e r  could  b e  a n t i c i p a t e d .  While t h e  o t h e r  two days  shou ld  show t h e  
e f f e c t s  of numerous s o u r c e s  o f  p a r t i c u l a t e  m a t t e r  t o  t h e  atmosphere,  which 
c o n t a i n  v a r y i n g  amounts of phosphorus.  T h e r e f o r e  l i t t l e  o r  no p o s i t i v e  
c o r r e l a t i o n  between t h e  p a r t i c u l a t e  and t h e  phosphorus c o n c e n t r a t i o n  would 
be expec ted .  T h i s  is what i s  found. 
Sources -- of t h e  Phosphorus Conta in ing  P a r t i c u l a t e  Mat te r  
A s  d i s c u s s e d  e a r l i e r ,  a  second means of de te rmin ing  t h e  e f f e c t  of t h e  
Chicago a r e a  on t h e  p r e c i p i t a t i o n  samples c o l l e c t e d  t h e r e  i s  t o  l e a r n  t h e  
s o u r c e  of t h e  phosphorus c o n t a i n i n g  p a r t i c u l a t e  m a t t e r  i n  t h e  a tmosphere .  
To do t h i s ,  h i g h  volume a i r  p a r t i c u l a t e  samples were  c o l l e c t e d  on Whatman 41 
c e l l u l o s e  f i l t e r  paper  on t e n  d i f f e r e n t  days a t  t h e  same s i t e  where t h e  
p r e c i p i t a t i o n  samples were c o l l e c t e d .  Bromine and t h e  meta l s  were  ana lysed  
by n e u t r o n  a c t i v a t i o n  a n a l y s i s .  Phosphorus was determined c o l o r i m e t r i c a l l y .  
While carbon could  n o t  be  determined d i r e c t l y  on t h e s e  p a p e r s  due t o  t h e  
b lank  of t h e  paper  i t s e l f ,  an average  v a l u e  of 18.4% was o b t a i n e d  from a n a l y s i s  
of t h e  C i t y  of Chicago samples and t h i s  v a l u e  w a s  used i n  t h e s e  c a l c u l a t i o n s .  
The r e s u l t s  of t h e s e  t e n  samples were grouped on t h e  b a s i s  of t h e  
p r e v a i l i n g  wind observed a t  O'Hare a i r p o r t ,  21  km d i s t a n t ,  d u r i n g  t h e  t ime  of 
c o l l e c t i o n  of t h e  samples .  An average  c o n c e n t r a t i o n  of each e lement  was 
c a l c u l a t e d  f o r  each of t h e  groups of samples .  These a r e  shown on Table  5.  
Also ,  an average  composi t ion f o r  t h e  a tmosphere ,  u s i n g  t h e  composi t ions  f o r  
t h e  d i f f e r e n t  wind d i r e c t i o n s  found above and weighted u s i n g  a  N a t i o n a l  Weather 
S e r v i c e  wind r o s e ,  was c a l c u l a t e d .  T h i s  i s  a l s o  shown on Table 5. 
The average  e l e m e n t a l  composi t ion of a  number of s o u r c e s  of p a r t i c u l a t e  
m a t t e r  have been determined.  The ones  of i n t e r e s t  a r e  shown on Table  1. 
These s o u r c e  compos i t ions ,  a long  w i t h  t h e  a tmospher ic  composi t ions  shown on 
Table 5  were used t o  de te rmine  t h e  amount of p a r t i c u l a t e  m a t t e r  c o n t r i b u t e d  
t o  t h e  atmosphere i n  Chicago from t h e  d i f f e r e n t  s o u r c e s .  The c a l c u l a t i o n a l  
method of t 4 i l l e r 4  and ~ a t z ~  as o u t l i n e d  on pages 9-12, were used.  The 
r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown on Table  6 .  
Inc luded  on Table 6 i s  a  v a l u e  of 6% f o r  t h e  composit ion c o n t r i b u t i o n  
of p a r t i c u l a t e  m a t t e r  t o  t h e  atmosphere from n a t u r a l  and a g r i c u l t u r a l  f i r e s .  
Th i s  v a l u e  was determined a s  f o l l o w s .  A v a l u e  f o r  t h e  c o n c e n t r a t i o n  of 
3  
carbon i n  t h e  atmosphere of 18% of 1 5 . 8  pg/m has  been determined from t h e  
C i t y  of Chicago samples.  The s o u r c e s  of au tomobi les ,  s o i l ,  and i r o n  and 
s t e e l  whose a tmospher ic  c o n t r i b u t i o n s  were t aken  from Table  6  accounted 
3  f o r  3 .63  ug/m of t h i s  carbon.  I n  c a r r y i n g  o u t  s i m i l a r  c a l c u l a t i o n s  f o r  
Los Angeles,  F r i e d l a n d e r  had used v a l u e s  of 1..8% carbon from d i e s e l  emiss ions  
and 2 .7% f o r  emissi-ons from a i r c a r f t .  These v a l u e s  were i n c r e a s e d  by 50% and 
accounted f o r  an a .dd i t iona1  5.76 pg/m3. Th is  l e f t .  6.4 ug/m3 s t i l l  unaccounted 
f o r .  Fried1and.e.r a t t r i b u t e d  t h i s  remaining carbon t o  p a r t i c u l a t e  m a t t e r  
formed from t h e  r e a c t i o n  and condensa.t ion of g a s e s  i n  t h e  atmosphere.  I n  
t h i s  r e p o r t ,  on1.y one h a l f  of t h e  carbon i s  a t t r i b u t e d  t o  t h i s  s o u r c e .  The 
o t h e r  h a l f ,  3 .2  pg/mu', o r  3 .7% i s  a r b i t r a r i l y  a t t r i b u t e d  t o  p a r t i c u l a t e  
m a t t e r  from f i r e s .  Our a n a l y s i s  of f i l t e r  p a p e r s  from burn sampl.es i n d i c a t e  
t h a t  t h e y  a r e  about 60% carbon.  There fore ,  t h i s  s o u r c e  c o n t r i b u t e s  about  
3  5 pg/m of p a r t i c u l a t e  m a t t e r  t o  t h e  at.mosphere i n  Chicago. 
The s o u r c e  c o n t r i b u t i o n s  t o  t h e  atmosphere were then  mul t ip l i - ed  by t h e i r  
average  phosphorus c o n c e n t r a t i o n  t o  f i n d  t h e  amount of phosphorus each vmtri- 
buted t o  t h e  atmosphere.  These r e s u l . t s  a r e  shown on Table  7. It, can be  seen  
WIND DIRECT I O N  
C i ty  
NE-E S-SW W NNW Composite 
Aluminum 1.85 2.98 2.35 1.46 2.30 
Bromine 0.30 0.53 0.56 0.75 0.49 
Calcium 2.00 2.73 1.64 1,93 1.96 
Copper 0.19 0.45 0.12 0.56 - - 
Manganese 0.02 0.39 0.19 0.19 0.165 
Sodium 0.33 0.66 0.67 0.48 0.53 
Vanadium 0.10 0.02 0.013 0.11 0.05 
Phosphorus 0.053 0.064 0.017 0.08 0.07 
Carbon -- - - -- , -- 18.0 
To ta l  P a r t i c u l a t e  
Matter (pg/m3) 84 103 9 4 6 3 86 
Number of Samples 1 4 2 3 10 
Table 5. Average percent  composition of p a r t i c u l a t e  mat te r  by wind 
d i r e c t i o n .  
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c o n t r i b u t e d  t o  
Source  Il d m 3  % P a tmosphere  
Auto 5 . 3  0 
F u e l  O i l  0 .6  0.4 .00024 
I r o n  & S t e e l  5.9 0 .15 .00883 
Cement 1 . 9  0.017 .00032 
S o i l  15.4 0.042 .00648 
Sea S a l t  0 . 1  - 
Coal & Coke 5.9 0.074 .0044 
F i r e s  5 0.15 , ,0075 
,028 
Table  7. Source  c o n t r i b u t i o n s  of  phosphorus t o  t h e  
atmosphere f o r  c i t y  composit  sample .  
2 9 
t h a t  f o r  t h e  composi te  c i t y  sample,  about  48% of  t h e  phosphorus i s  accounted 
f o r .  With t h e  e x c e p t i o n  of t h e  c o n t r i b u t i o n s  from t h e  s o i l  and t h e  f i r e s ,  
t h i s  phosphorus probably  h a s  i t s  o r i g i n  w i t h i n  t h e  immediate urban a r e a .  
No c o n t r i b u t i o n  of phosphorus i s  a t t r i b u t e d  t o  automobi le  usage 
a l though  t r i c r e s o l  phosphate  and o t h e r  phosphorus c o n t a i n i n g  compounds have 
been used a s  g a s o l i n e  a d d i t i v e s .  However, when some samples of g a s o l i n e ,  
of t h e  b rands  known t o  use  t h e s e  a d d i t i v e s ,  were  a n a l y s e d ,  no phosphorus 
was found. Subsequent ly ,  an o i l  company r e p r e s e n t a t i v e  confirmed t h a t  t h e s e  
a d d i t i v e s  were no  longer  i n  u s e .  
There  a r e  a number of p o s s i b l e  e x p l a n a t i o n s  t o  account  f o r  t h e  remainder 
of t h e  phosphorus.  They i n c l u d e :  
1 )  I f  t h e  phosphorus c o n t e n t  of t h e  remaining u n i d e n t i f i e d  p a r t i c u l a t e  
m a t t e r  would average  t h e  same a s  t h a t  p a r t i c u l a t e  which has  been 
accounted f o r ,  t h i s  could  account  f o r  t h e  remaining phosphorus.  
2) The i d e n t i f i e d  s o u r c e s  o f  p a r t i c u l a t e  m a t t e r  which c o n t a i n  phos- 
phorus and have been e v a l u a t e d ,  -may b e  underes t imated .  
3) The phosphorus c o n t e n t  of t h e s e  s o u r c e s  may b e  t o o  low. 
4 )  There  may be  s i g n i f i c a n t  s o u r c e s  of phosphorus t o  t h e  atmosphere 
which have n o t  been e v a l u a t e d .  
5) There  may be  s o u r c e s  which have n o t  y e t  been i d e n t i f i e d .  
For i n s t a n c e ,  under i t em t h r e e  above,  emiss ions  from t h e  f e r t i l i z e r  
i n d u s t r y  a r e  known t o  b e  an impor tan t  s o u r c e  o f  phosphorus t o  t h e  a tmosphere .  
C o n t r i b u t i o n s  from t h i s  s o u r c e  cou ld  n o t  b e  determined due t o  t h e  l a c k  of a 
6 t r a c e r  e lement  f o r  them. S ince  i t  i s  r e p o r t e d 1 2  t h a t  8%,  o r  1 1 . 3  x 1 0  kg ,  of 
t h e  emiss ions  from t h i s  i n d u s t r y  occur  i n  Environmental  P r o t e c t i o n  Agency 
Region V ,  which i n c l u d e s  Chicago, t h i s  s o u r c e  would account  f o r  some of t h e  
d e f i c i e n c y .  I f  c o n t r o l s  on phosphorus emiss ions  t o  t h e  atmosphere a r e  e v e r  
c o n s i d e r e d ,  t h i s  i s  t h e  one s o u r c e  where they  might be  a b l e  t o  b e  j u s t i f i e d .  
In  a d d i t i o n ,  t h e r e  a r e  two p o t e n t i a l l y  l a r g e  sources  of  phosphorus t o  
t h e  atmosphere which were unable t o  be  eva lua ted .  These a r e  organisms and 
p l a n t  m a t e r i a l ,  and spray from bodies  of water .  
The atmosphere always conta ins  some a l g a e ,  v i r u s e s ,  b a c t e r i a ,  e t c .  
which have been eroded o r  e j e c t e d  i n t o  t h e  atmosphere, a s  w e l l  a s  l a r g e  
amounts of p o l l e n ,  dur ing  some seasons .  The organisms and t h e  po l l en  can 
be expected t o  have phosphorus concen t r a t i ons  of about 0.2%. MacIntyre 1 3  
has  shown t h a t  b reak ing  bubbles a t  t h e  s u r f a c e  of t h e  ocean e j e c t s  ma te r i a l  
from t h e  uppermost s u r f a c e  l a y e r s  i n t o  t h e  atmosphere. The concent ra t ion  
of m a t e r i a l s  i n  t h e  water  a t  t h e  s ea -a i r  i n t e r f a c e  i s  known t o  be  cons iderab ly  
d i f f e r e n t  from t h e  bu lk  of t h e  s e a .  ~ a ~ l o r l ~  e t  a l .  and MacIntyre and 
winchester15 have shown t h a t  t h i s  spray  i s  probably q u i t e  enr iched  i n  
phosphorus. Unfortunately,  n e i t h e r  t h e  amount of t h i s  m a t e r i a l  nor  i t s  
phosphorus conten t  have been determined. This  would be  an i npu t  which would 
be  c o r r e l a t e d  w i th  t h e  s ea  s a l t  input  from t h e  atmosphere. The primary 
o b j e c t i v e  f o r  t r y i n g  t o  determine t h e  sources  of phosphorus t o  t h e  atmosphere - 
was t o  eva lua t e  t h e  i n f luence  of t h e  urban a r e a  on t h e  concent ra t ion  of 
phosphorus i n  p r e c i p i t a t i o n  c o l l e c t e d  i n  Chicago. Some t e n t a t i v e  conclusions 
may now be drawn. I n  determining t h e  sources  of p a r t i c u l a t e  mat te r  t o  t h e  
atmosphere and t h e i r  phosphorus concent ra t ions ,  i t  was no t  a n t i c i p a t e d  t h a t  
every source  i n v e s t i g a t e d  from a g r i c u l t u r a l  f i r e s  t o  me teo r i t e s  would be found 
t o  conta in  some phosphorus. The p ropor t i on ,  wi th  t h e  except ion of t he  emissions 
of  t h e  f e r t i l i z e r  i n d u s t r y ,  was never l a r g e  but  u s u a l l y  f e l l  w i th  t h e  range 
of 0.02 t o  0.2%. The f a c t  t h a t  t h e  % phosphorus accounted f o r  i n  t h e  
atmosphere i n  Chicago was c l o s e  t o  t h e  percent  p a r t i c u l a t e  ma t t e r  accounted 
f o r ,  suppor t s  t h i s  ub iqu i t i ous  d i s t r i b u t i o n  of a low concent ra t ion  of 
phosphorus. 
I f  t h i s  d i s t i b u t i o n  i s  uniform, i t  permi ts  one t o  r e a d i l y  estimate t h e  
e f f e c t  of Chicago and developments around t h e  e n t i r e  Lake on t h e  phosphorus 
going i n t o  t h e  Lake i n  p r e c i p i t a t i o n .  The e f f e c t  would b e  p r o p o r t i o n a l  t o  
t h e  i n c r e a s e  i n  p a r t i c u l a t e  m a t t e r  i n  t h e  atmosphere o v e r  t h a t  normal ly  
p r e s e n t .  Ludwig e t  a1 .  determined t h a t  t h e  average  c o n c e n t r a t i o n  of p a r t i -  
3 c u l a t e  m a t t e r  i n  t h e  atmosphere of urban l o c a t i o n s  was 102 pglm , t h a t  i n  
3 proximate  a r e a s  (suburban?)  was 45 pg/m , t h a t  i n  nonurban i n t e r m e d i a t e  a r e a s  
( farming)  was 40 pg/m3 and t h a t  i n  remote a r e a s  ( i s o l a t e d  from man's normal 
3 a c t i v i t y )  was 20 pg/m . 
The l a n d  u s e  around Lake Michigan would b e  predominant ly  i n  t h e  c a t e g o r i e s  
of proximate  and nonurban i n t e r m e d i a t e .  There would b e  some remote a r e a s  i n  
t h e  n o r t h e r n  p a r t  and a l o t  of urban a r e a s  i n  t h e  s o u t h e r n  p a r t .  The average  
would probably  b e  about  50 p g / m 3  of p a r t i c u l a t e  m a t t e r  i n  t h e  atmosphere.  
T h i s  would i n d i c a t e  t h a t  t h e  c o n c e n t r a t i o n s  of phosphorus i n  p r e c i p i t a t i o n  i n  
Chicago would b e  h igh  by a f a c t o r  o f  two. I t  f u r t h e r  s u g g e s t s  t h a t  t h e  e f f e c t  
of man on t h e  Lake h a s  been t o  i n c r e a s e  t h e  i n p u t s  o f  phosphorus from t h e  
atmosphere by a f a c t o r  o f  2 .5 .  
T o t a l  I n p u t s  - of Phosphorus t o  t h e  Atmosphere . 
An a t t e m p t  was t h e n  made t o  approach t h e  problem from t h e  o t h e r  d i r e c t i o n ,  
hoping t h a t  t h i s  would g i v e  some i n s i g h t  t o  t h e  problem. T h i s  was done by 
de te rmin ing  a l l  t h e  known s o u r c e s  o f  phosphorus t o  t h e  a tmosphere ,  f i n d i n g  an 
average  d e p o s i t i o n a l  r a t e  and comparing t h i s  t o  t h e  d e p o s i t i o n a l  r a t e s  which 
have been measured. 
The EPA r e p o r t 1 2  was t h e  p r i n c i p a l  s o u r c e  of i n f o r m a t i o n .  I t  d i d ,  however, 
c o n t a i n  one s e r i o u s  e r r o r  and i t  d i d  n o t  c o n s i d e r  s e v e r a l  impor tan t  s o u r c e s .  
The e r r o r  was i n  u s i n g  a convers ion  f a c t o r  of 4 .58 i n s t e a d  of 2.29 f o r  
c o n v e r t i n g  phosphorus t o  P Z T h i s  caused t h e  r e f u s e  i n c i n e r a t i o n  and c o a l  2 5 '  
combustion s o u r c e s ,  and perhaps  o t h e r s ,  t o  b e  o v e r e s t i m a t e d  by a f a c t o r  of two. 
Addi t iona l  sources  considered which were no t  inc luded  i n  t h e  EPA r e p o r t ,  
were meteor ic  i n p u t s ,  which a r e  q u i t e  sma l l ,  i n p u t s  from a g r i c u l t u r a l  and 
n a t u r a l  f i r e s  and wind-blown s o i l ,  The i n p u t s  and t h e  phosphorus concen t r a t i on  
16 
of meteor ic  m a t e r i a l  was found i n  t h e  l i t e r a t u r e .  The i n p u t s  from a g r i -  
c u l t u r a l  and n a t u r a l  f i r e s  from 1968 were repor ted  i n  an  e a r l i e r  r e p o r t .  The 
phosphorus content  of t h i s  m a t e r i a l  was es t imated  from t h e  a n a l y s i s  of samples 
ob ta ined  from D r .  E l l i s  Darley (Appendix A) and t h e  i npu t  of wind-blown s o i l  
was es t imated  from l i t e r a t u r e  values .35 The phosphorus conten t  of a l a r g e  
number of  s o i l  samples taken  e i g h t  inches  below t h e  s u r f a c e  has  been repor ted  
i n  a USGS pub l i ca t i on .  19 
The d a t a  i n  t h e  1973 EPA r e p o r t  a long with t h e  a d d i t i o n a l  d a t a ,  and 
with t h e  e r r o r  co r r ec t ed  f o r  t hose  d a t a  where t h e  i n c o r r e c t  f a c t o r  was known 
t o  be  used,  a r e  shown on Table 8. It can be seen t h a t  t h e  c o n t r i b u t i o n s  from 
t h e  f e r t i l i z e r  i ndus t ry ,  s o i l ,  and f u e l  a r e  l a r g e .  
I f  one t a k e s  t h e  t o t a l  d i scharges  t o  t h e  atmosphere a s  i d e n t i f i e d  on 
Table 8 and d iv ides  by t h e  a r e a  of t h e  U.S., one g e t s  an average i npu t  of about 
.08 kg /ha /yr .  This  i s  about one-third t h e  va lue  found e a r l i e r  (Table 1 )  
f o r  i n p u t s  from p r e c i p i t a t i o n  scavenging without  cons ider ing  dry  f a l l o u t .  
Other i n v e s t i g a t o r s  i n  widely s c a t t e r e d  a r e a s  and i n  some remote a r e a s  have 
found even h igher  i n p u t s  of phosphorus from t h e  atmosphere. 20,21 
A p o s s i b l e  r a t i o n a l i z a t i o n  of t h i s  low r e s u l t  is t h a t  t h e r e  i s  cons iderab le  
re-entrainment of m a t e r i a l  depos i ted  from t h e  atmosphere. I f  t h e  m a t e r i a l  i s  
re -en t ra ined  an average of two o r  t h r e e  t i m e s ,  t h i s  would b r i n g  i n t o  reasonable  
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balance t h e  input-output  numbers f o r  t hose  sources  t o  t h e  atmosphere must 
s t i l l  be found and/or  t h e  con t r ibu t ions  of p r e sen t  sources  must be 
reeva lua ted  . 
It should be  noted t h a t  even i f  cons iderab le  re-entrainment does occur ,  
Emissions I n p u t  o f  
x10-3 P e r c e n t  Phosphorus 
M e t r i c  Tons Phosphorus Met r ic  Tons 
p e r  y e a r  p e r  y e a r  
Phosphorus I n d u s t r y  
Phosphate  Rock Mining 6 8 7.8 5,300 
Phosphor ic  Acid Manufactur ing 2 1 13.0  2 ,180 
F e r t i l i z e r  Manufacture 16 7 2 5 41,700 
Other  Chemicals 26.5 2 5 6 ,600 
I n a d v e r t a n t  Sources  
I r o n  Manufacture 
S t e e l  Manufactur ing 
Cement 
Wind-Blown S o i l  35,  19 
~ e t e o r i c l ~  
Refuse I n c i n e r a t i o n  
Fue l  O i l  Combustion 
Coal Combust i o n  
A g r i c u l t u r a l  Burning 
F o r e s t  F i r e s  
T o t a l  
* ~ ~ ~ e n d i x  A 
A l l  o t h e r  v a l u e s  from Ref.  12: 
8. Sources  and amounts of phosphorus i n p u t s  t o  t h e  
atmosphere.  
t h e  va lues  i n  Table 5 of the  sources t o  t h e  atmosphere determined i n  Chicago 
would n o t  be a f f e c t e d .  Since,even i f  m a t e r i a l  i s  re -en t ra ined ,  i t  should 
s t i l l  r e t a i n  i t s  source i d e n t i t y  and would au tomat ica l ly  have been considered.  
I f  phosphorus conta in ing  p a r t i c u l a t e  matter  i s  en t r a ined  i n  t he  atmosphere 
s e v e r a l  t imes be fo re  be ing  permanently scavenged, t h i s  has s e r i o u s  impl ica t ions  
f o r  bodies  of water .  This  is  because t h e  s u r f a c e  of a body of water should 
be  a s i n k  f o r  p a r t i c u l a t e  mat te rS  I f  t h i s  i s  s o ,  then  bodies  of water a r e  
r e c i p i e n t s  f o r  a d i sp ropor t iona te  sha re  of atmospheric p a r t i c u l a t e  mat te r .  
THE SIGNIFICANCE OF ATMOSPHERIC INPUTS OF PHOSPHORUS TO OLIGOTROPHIC BODIES 
OF WATER 
The most impor tan t  q u e s t i o n  t h e n  i s  what i s  t h e  s i g n i f i c a n c e  o f  t h e s e  
a tmospher ic  phosphorus i n p u t s ,  do they  make any d i f f e r e n c e  t o  r e c e i v i n g  
w a t e r s ?  
F i r s t ,  t h e  r o l e  of phosphorus shou ld  b e  cons idered .  It i s  an  e s s e n t i a l  
component o f  DNA and RNA--the h e r e d i t a r y  m a t e r i a l ,  of ATP--the p r i n c i p l e  
energy s o u r c e  f o r  organisms and o f  numerous o t h e r  phosphory la ted  compounds 
which a r e  e s s e n t i a l  components o f  t h e  b iochemica l  pathways of l i v i n g  organisms 
and i t  i s  a l s o  a  component of some s t r u c t u r a l  m a t e r i a l s  and t i s s u e s .  Thus 
i t  is  one o f  t h e  e lements  a b s o l u t e l y  n e c e s s a r y  f o r  t h e  e x i s t e n c e  o f  l i f e  from 
t h e  most p r i m i t i v e  t o  t h e  most advanced organisms which e x i s t  on t h e  e a r t h .  
I n  any n a t u r a l  sys tem,  t h e r e  i s  some n e c e s s a r y  f a c t o r  f o r  l i f e  whose 
s h o r t a g e  e x e r t s  t h e  g r e a t e s t  c o n t r o l s  over  t h e  amount of l i v i n g  bio-mass 
which can e x i s t .  T h i s  f a c t o r  can b e  a  p h y s i c a l  l i m i t a t i o n  such a s  l i g h t  o r  
t empera tu re  o r  a  n u t r i e n t  a s  n i t r o g e n ,  phosphorus ,  s u l f u r ,  a s c o r b i c  a c i d ,  
e t c .  For our  purposes ,  on ly  t h o s e  sys tems o r  t i m e s  w i l l  b e  cons idered  where 
t h e  l i m i t i n g  f a c t o r  is a  n u t r i e n t .  T h i s  n u t r i e n t  t h e n ,  which i s  p r e s e n t  i n  
t h e  s m a l l e s t  amount, i s  c a l l e d  t h e  ' l i m i t i n g  n u t r i e n t ' .  I n p u t s  o f  t h i s  one 
m a t e r i a l  w i l l  p e r m i t  cor responding  i n c r e a s e s  i n  bio-mass s i n c e  a l l  o t h e r  
n e c e s s a r y  m a t e r i a l s  a r e  p r e s e n t  i n  some e x c e s s .  Large i n p u t s  o f  t h e  l i m i t i n g  
n u t r i e n t  w i l l  pe rmi t  t h e  bio-mass t o  i n c r e a s e  u n t i l  some o t h e r  f a c t o r  becomes 
l i m i t i n g  . 
I n  i n d i v i d u a l  c a s e s ,  a  wide v a r i e t y  o f  n u t r i e n t s  have been shown t o  
b e  l i m i t i n g ? 2  These i n c l u d e  n i t r o g e n  i n  t h e  oceans ,  and n i t r o g e n ,  i r o n ,  
molybdenum and phosphorus i n  d i f f e r e n t  l a k e s .  
Phosphorus h a s  been found t o  b e  t h e  most common l i m i t i n g  n u t r i e n t  
f o r  o l i g o t r o p h i c  l a k e s ,  t h o s e  l a k e s  l e a s t  a f f e c t e d  by c u l t u r a l  p o l l u t i o n  
and which have t h e  lowes t  c o n c e n t r a t i o n s  o f  n u t r i e n t s  p r e s e n t .  
The most impor tan t  f a c t o r  about  phosphorus ,  however, i s  t h e  f a c t  t h a t  
i t  u s u a l l y  comprises  much l e s s  t h a n  one p e r  c e n t  by weight  of an  organism. 
Thus o n l y  a small amount is needed f o r  a l a r g e  i n c r e a s e  i n  t h e  number of 
organisms a b l e  t o  grow. 
Of t h e  t h r e e  upper Great  Lakes,  Lake Michigan i s  s u b j e c t e d  t o  t h e  
l a r g e s t  c u l t u r a l l y  r e l a t e d  i n p u t s  of phosphorus and t h e  most s t u d i e s  of 
t h e  e f f e c t s  of phosphorus a d d i t i o n s  t o  d a t e  have been made on Lake Michigan. 
Miller e t  have shown t h a t  phosphorus i s  l i m i t i n g  i n  Lake Michigan 
and o t h e r  similar work h a s  confirmed t h i s  f o r  Lakes S u p e r i o r  and Huron. 24,  25 
The a d d i t i o n  o f  phosphorus t o  Lake Michigan has  l e d  t o  a number of changes 
i n  t h e  Lake which have been documented and i n t e r p r e t e d  by Sche l ske  and 
S toermer . 26, 27 
Tha t  phosphorus was probably  t h e  l i m i t i n g  n u t r i e n t  i n  Lake Michigan 
was recognized a t  t h e  Lake Michigan Enforcement Conference o f  1968. As a 
r e s u l t ,  t h e  s t a t e s  b o r d e r i n g  on Lake Michigan developed programs t o  remove 
phosphorus from sewage e f f l u e n t s ,  t h e  l a r g e s t  and most e a s i l y  c o n t r o l l e d  
source .  These programs were t o  be f u l l y  implemented by January  1, 1973. 
Most of them a r e  now i n  o p e r a t i o n .  
Phosphorus i n p u t s  from t h e  atmosphere,  of c o u r s e ,  are n o t  a p a r t  of t h i s  
progaam. However, a s  a c o n t r i b u t i o n  t o  t h e  phosphorus budget of t h e  Lake, 
t h e i r  magnitude may b e  impor tan t  i n  de te rmin ing  t h e  e f f e c t s  t o  b e  expec ted  o f  t h e  
phosphorus removal programs and i n  t h e  e v a l u a t i o n  of t h e  r e s u l t s  o f  t h e s e  
programs. 
I n  1972, t h e  Phosphorus Techn ica l  Committee determined t h e  phosphorus 
i n p u t s  t o  t h e  Lake i n  1971. These a r e  shown on Tab le  9.  The 1973 i n p u t s  
of Lake Michigan a s  determined by t h e  I n t e r n a t i o n a l  J o i n t  Commission a r e  a l s o  
on Tab le  9.  The expected r e s u l t s  of t h e  phosphorus removal program when 

completed,  were e s t i m a t e d  by t h e  Phosphorus T e c h n i c a l  ~ o r n m i t t e e ~ ~  and Lee. 33 
These p r e d i c t i o n s  a r e  shown on Table  9. The i n p u t s  a r e  shown as t o t a l  amounts 
and i n  k g / h a / y r  averaged over  t h e  s u r f a c e  of t h e  Lake. 
I n  comparing t h e s e  v a l u e s ,  i n p u t s  o f  t o t a l  phosphorus from p r e c i p i t a t i o n  
(Table 9 )  shou ld  be compared t o  t h e  v a l u e s  determined by t h e  Lake Michigan 
Enforcement Conference and t h e  I n t e r n a t i o n a l  J o i n t    om mission^^ s i n c e  t h e s e  
a r e  a l s o  t o t a l  phosphorus v a l u e s .  The problem h e r e  i s ,  however, t h a t  i t  is  
o r t h o  phosphate ,  n o t  t o t a l  phosphorus,  which de te rmines  t h e  e f f e c t s  of 
phosphorus i n p u t s  t o  t h e  Lake. Much o f  t h e  phosphorus which i s  d i s c h a r g e d  
t o  t r i b u t a r i e s  of t h e  Lake, and some of t h a t  d i s c h a r g e d  t o  t h e  Lake i t s e l f ,  
e n t e r s  t h e  Lake i n  a form where i t  w i l l  never  become a v a i l a b l e  t o  t h e  organisms 
i n  t h e  Lake. Thus, much of t h e  phosphorus inc luded  i n  t h e  i n p u t s  shown on 
Table  9 ,  h a s  no e f f e c t  on t h e  Lake, w h i l e  t h e  p r e c i p i t a t i o n  i n p u t s  a r e  abou t  
50% o r t h o  phosphate .  
A f u r t h e r  compl ica t ion  i s  t h a t  under  t h e  low pH (0.4 N H2S04) c o n d i t i o n s  
o f  t h e  o r t h o  phospha te  d e t e r m i n a t i o n ,  some u n a v a i l a b l e  phosphorus i s  hydro lysed  
t o  o r t h o  phosphate .  However, Walton and ~ e e ~ ~  have shown, a t  l e a s t  f o r  
Lakes Mendota and Wingra i n  Madison, Wisconsin,  t h a t  t h e  o r t h o  phosphate  
d e t e r m i n a t i o n  i s  a good measure of b i o l o g i c a l l y  a v a i l a b l e  phosphorus.  Pre- 
sumably, t h a t  phosphorus which i s  hydro lysed  d u r i n g  t h e  d e t e r m i n a t i o n  t h e n ,  
i s  e a s i l y  h y d r o l y s a b l e  and would a l s o  b e  hydro lysed  under n a t u r a l  c o n d i t i o n s .  
Thus, t h e  o r t h o  phosphate  v a l u e s  a r e  p robab ly  t h e  b e s t  measure o f  a v a i l a b l e  
phosphorus.  
The p r e c i p i t a t i o n  weighted mean hydrogen i o n  c o n c e n t r a t i o n  of t h e  pre-  
c i p i t a t i o n  i n  Chicago corresponds t o  a pH of  3.8.  30 T h i s  i s  reasonab ly  a c i d i c  
and could  l e a d  t o  t h e  h y d r o l y s i s  o f  some phosphorus compounds on t h e  p a r t i c u l a t e  
m a t t e r  i n  p r e c i p i t a t i o n  b e f o r e  i t  f a l l s  i n t o  t h e  h i g h e r  pH Lake w a t e r s .  
CONCLUSIONS 
1 )  Almost a l l  sources  of p a r t i c u l a t e  mat te r  t o  t h e  atmosphere con t a in  
a sma l l  b u t  r e l a t i v e l y  cons t an t  amount of phosphorus. I n  Chicago, 
t h e  p a r t i c u l a t e s  i n  t h e  atmosphere con t a in  about 0.1% phosphorus. 
2 )  Th i s  p a r t i c u l a t e  ma t t e r ,  when scavenged from t h e  atmosphere by 
p r e c i p i t a t i o n ,  can b e  an important  component of t h e  phosphorus 
budget of n a t u r a l  bodies  of wate r  which a r e  low i n  t h i s  e s s e n t i a l  
n u t r i e n t .  
3) Since  t h e  phosphorus conten t  of p a r t i c u l a t e  ma t t e r  i s  r e l a t i v e l y  
c o n s t a n t ,  then ,  t o  a f i r s t  approximat ion,  t h e  amount of phosphorus 
scavenged by p r e c i p i t a t i ~ ~  is  p ropo r t i ona l  t o  t h e  amount of p a r t i -  
c u l a t e  scavenged, o r  t o  t h e  amount of p a r t i c u l a t e s  i n  t h e  atmosphere.  
4) Th i s  sou rce  i s  p r e s e n t l y  c o n t r i b u t i n g  one - f i f t h  t o  one- th i rd  of t h e  
phosphorus going i n t o  Lake Michigan. Of t h i s  amount, about 40% i s  
"na tu ra l " ,  t h e  rest can be  a t t r i b u t e d  t o  t h e  e f f e c t s  of man. A s  
c o n t r i b u t i o n s  t o  bodies  of water  from o t h e r  sources  a r e  e l im ina t ed ,  
t h e  c o n t r i b u t i o n s  from t h e  atmosphere w i l l  become more s i g n i f i c a n t .  
5) Of t h e  phosphorus coming from t h e  atmosphere,  about  one h a l f  of 
i t  is  i n  t h e  form of o r t h o  phosphate ,  t h e  form most r e a d i l y  a v a i l a b l e  
t o  organisms. 
6) Since phosphorus i s  s o  u n i v e r s a l l y d i s t r i b u t e d  i n  t h e  atmosphere, 
s p e c i f i c  e f f o r t s  t o  c o n t r o l  t h e s e  emissions would n o t  b e  j u d i c i o u s ,  
w i th  t h e  p o s s i b l e  except ion  of t h e  f e r t i l i z e r  i ndus t ry .  Programs 
w e l l  underway t o  c o n t r o l  p a r t i c u l a t e  emissions i n  gene ra l ,  should be 
reducing t h e  emissions of phosphorus. 
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APPENDIX - A
I n  accumulat ing a v a i l a b l e  i n f o r m a t i o n  on t h e  s o u r c e  o f  phosphorus t o  
t h e  atmosphere,  and t h e i r  phosphorus c o n t e n t ,  t h e r e  was one conspicuous  v o i d .  
T h i s  was t h e  a r e a  o f  t h e  phosphorus c o n t e n t  of smoke from b u r n i n g  p l a n t  
17  
m a t e r i a l .  The 1968 EPA r e p o r t  on emiss ions  t o  t h e  atmosphere 
s t a t e d  t h a t  25% of  t h e  t o t a l  amount of p a r t i c u l a t e s  e m i t t e d  t o  t h e  atmosphere 
were  from a g r i c u l t u r a l  and f o r e s t  f i r e s .  S i n c e  a l l  l i v i n g  m a t e r i a l  c o n t a i n s  
phosphorus ,  one would expec t  t h a t  some of  t h i s  would be  i n c l u d e d  i n  t h e  smoke. 
However, no i n f o r m a t i o n  on t h e  phosphorus c o n t e n t  of t h i s  t y p e  of smoke could  
b e  found i n  t h e  l i t e r a t u r e .  
D r .  E l l i s  F. Dar ley a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  R i v e r s i d e  was 
de te rmin ing  t h e  amount o f  p a r t i c u l a t e  e m i t t e d  by d i f f e r e n t  t y p e s  of p l a n t  
m a t e r i a l  upon combustion. D r .  Dar ley generous ly  made a v a i l a b l e  t o  us  samples 
of smoke from a v a r i e t y  of f u e l s  which were c o l l e c t e d  on g l a s s  f i b e r  p a p e r s .  
With t h e  e x c e p t i o n  of t h e  samples from sugar  cane,  t h e  smoke from each burn 
was sampled i s o k i n e t i c a l l y  and f i l t e r e d  through two f i l t e r s  a r r a n g e d  i n  
s e r i e s .  For t h e  s u g a r  samples ,  on ly  a s i n g l e  f i l t e r  was used.  
These samples were ana lysed  f o r  t h e i r  phosphorus and carbon c o n t e n t .  
The r e s u l t s  o f  t h e  phosphorus a n a l y s e s  a r e  shown on Table  10.  The r e s u l t s  
shown f o r  t h o s e  samples where t h e  p a r t i c u l a t e  was c o l l e c t e d  on two f i l t e r s  
i n  s e r i e s  a r e  c a l c u l a t e d  on t h e  b a s i s  o f  t h e  phosphorus c o n t e n t  and t h e  amount 
of p a r t i c u l a t e  on each paper .  One d i f f i c u l t y  i n  a n a l y s i n g  t h e s e  samples was 
t h e  s m a l l  amount of p a r t i c u l a t e  on many o f  t h e  samples .  Th i s  a f f e c t e d  t h e  
accuracy  o f  t h o s e  d e t e r m i n a t i o n s  and was probably  t h e  reason  s e v e r a l  of t h e  
o r t h o  phosphate  d e t e r m i n a t i o n s  were h i g h e r  than  t h e  t o t a l  phosphorus 
d e t e r m i n a t i o n s .  A s e r i e s  of samples was run  where a d d i t i o n a l  phosphorus was 
added t o  t h e  f i l t e r s .  Th i s  a d d i t i o n a l  phosphorus was recovered  i n  t h e  a n a l y s i s ,  
i n d i c a t i n g  t h a t  a l l  o f  t h e  phosphorus i n  t h e  samples was b e i n g  recovered .  
Weight of Pounds o f  P e r c e n t  Phosphorus 
P a r t i c u l a t e  P a r t i c u l a t e  Phosphorus i n  Emit ted from 
Sample C o l l e c t e d  p e r  Ton of  P a r t i c u l a t e  F u e l  (gm/kg) 
( gm) Fue l  TOTAL ORTHO TOTAL ORTHO 
Sugar Cane, ( l e a v e s )  
1 1  ( l e a v e s )  
I I (whole cane)  
1 1  (whole cane)  
Asparagus Fern 
C i t r u s  (g reen)  
(branches  and l e a v e s )  
P i n e a p p l e  
( t r a s h )  
Russian T h i s t l e  
(tumbleweed) 
Grape Vines 
Peach t r e e  
(p run ings )  
Ponderosa P i n e  ( f lame p e r i o d )  
( n e e d l e s  and d u f f )  
I I  (smolder p e r . )  
Giant  Sequoia ( f lame p e r i o d )  
( n e e d l e s  and d u f f )  
1 1  (smolder p e r i o d )  
Tab le  10.  R e s u l t s  o f  t h e  a n a l y s i s  of p a r t i c u l a t e  m a t t e r  samples c o l l e c t e d  from 
t h e  combustion of d i f f e r e n t  f u e l s .  
I n t e r e s t i n g l y ,  t h e  phosphorus c o n t e n t  of t h e  samples f e l l  i n t o  two 
c a t e g o r i e s ,  t h o s e  w i t h  a  h i g h  c o n t e n t  o f  phosphorus and t h o s e  w i t h  a  low 
c o n t e n t .  The reasons  f o r  t h i s  a r e  n o t  c l e a r .  However, t h e r e  a r e  enough 
of t h e  samples i n  each c a t e g o r y  t h a t  t h e  e x i s t e n c e  of t h e  two groups  i s  
e s t a b l i s h e d .  
The s u g a r  cane ,  t h e  ponderosa p i n e  and t h e  g i a n t  s e q u o i a  samples 
were t h e  most impor tan t .  Th i s  i s  because  t h e  burn ing  of sugar  cane f i e l d s  
i s  wide ly  p r a c t i c e d  and t h e  t r e e  samples should be  i n d i c i t i v e  o f  t h e  
c o n t r i b u t i o n s  from f o r e s t  f i r e s .  On t h e  b a s i s  of t h e s e  a n a l y s e s ,  i t  was 
c o n s e r v a t i v e l y  e s t i m a t e d  t h a t  t h e  phosphorus c o n t e n t  of t h e  smoke from 
a g r i c u l t u r a l  f i r e s  con ta ined  0.15% phosphorus w h i l e  t h a t  from f o r e s t  f i r e s  
con ta ined  0.10% phosphorus.  
It is  i n t e r e s t i n g  t h a t ,  w i t h  one e x c e p t i o n ,  t h e  second f i l t e r  from a l l  
of  t h e  t r e e  burns  had a  h i g h e r  c o n c e n t r a t i o n  of phosphorus .  T h i s  could  
i n d i c a t e  t h a t  t h e  s m a l l e r  p a r t i c u l a t e  p a r t i c l e s  a r e  e n r i c h e d  i n  phosphorus.  
A s i m i l a r  enrichment of some meta l s  i n  s m a l l e r  p a r t i c u l a t e s  h a s  been 
r e p o r t e d .  28 
